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Update on brain development and 
the neuroscience of literacy

Martha S. Burns, Ph.D.

March, 2012

The New Science of Learning

• We used to think we were born 

with brain capacity
– We inherited it from our parents

– We did the best we could

– If a child couldn’t learn they were just 

not smart

• We now know all that is changed
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Foundations for a New Science

of Learning

DeHaene, 2009
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Neurons that fire together wire together in networks
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The New Science of Language 
Development

1. What these regions do and$..

• How they are connected via 

superhighway system

• How the highways develop in early 

years

Neuronal Communication System
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Tracts mature at different rates

Lebel et al., 2008
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How does reading become superimposed 
on language?

Reading development  pyramid --

upper levels depend upon a solid base 

below

2 - 3 year old development

3 to 4 year old development

4 to 5 year old skills

Kindergarten

Birth to 2 year development

Grades 1-2

Grade 3+

Who? What? A unified sound wave coming from an unseen talker is analyzed 

to produce two distinct percepts—Who spoke and What was said.

P K Kuhl Science 2011;333:529-530

Published by AAAS

P K Kuhl Science Aug. 19 2011;333:529-530
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Early Language 
Development

• The foundation for reading

• The precursor for reading

• For some children, the bottleneck that limits success

• Children differ in language experience

Birth to 2 years

1. Child is born - normal hearing and cognitive potential

2. Makes generalizations about sounds around him/her

•speech sounds versus environmental sounds

•recognizes speech sounds of own language

3. Uses own language sounds in babbling then early 

speech

•full repertoire of native language phonemes by 18mo.-2 years

•early adjectives (good, hot), verbs (see, want, go), pronouns (me,you)

10-12 months - first word

18 months - 10-20 words;  2 yr.- two word phrases; 200 words



8

Organization of cortical responses to spoken language in 3 m old  infants.

Dehaene-Lambertz, et. al, 2006

16
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Normal Development of the Brain Maps for Hearing

Zhang, Bao & Merzenich, Nature Neurosci 2001

Zhang, Bao & Merzenich, Nature Neuroscience, 2001

Chang, et al, 2010
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Categorical Perception

/ba/ /ga//da/

/pa//ba/
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English Phonemic Cortical Representation

da ga

ba

da ga

ba

A) Proficient English B) English Language Learners 
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23

Infants exposed to TV or audio only show no difference in acquisition of the 

new sound system compared with children never exposed. Infants exposed 

through social interaction of the same duration and intensity acquire the new 

phonology.

BUT AFTER THE CRITICAL PERIOD DIRECT INSTRUCTION IS NECESSARY

Brain 

maps 

depend 
on 

hearing 

the 
sounds
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Two to three years-early 
phonological awareness

1. Word play - “Higglety, pigglety, pop”; “Hickory, Dickory, Dock”

2.  Rhymes and alliterative stories 

•Little Miss Muffett 

Sat on a tuffett

•Peter piper picked a peck of pickled peppers

3. Delayed expressive syntax and phonology predict poor reading three 

years later

30 months - 300 words (38.6% 

nouns, 21% verbs, 7.1% 

adverbs; 14.6% pronouns

3 years - 900 words; MLU = 3.1

30 months - 300 words 

(38.6% nouns, 21% verbs, 

7.1% adverbs; 14.6% 

pronouns)

3 years - 900 words; MLU = 

3.1

Three to four years

1. 91% can recognize incorrect productions of words they know

2. 27% can be enticed to do sound play; 25% can rhyme

3. Poor speech discrimination will lead to poor phonological 

awareness

4. Syntax delay predicts

poor reading at

7-9 years of age

Vocabulary - 900-

1500 words
Speech should be 

intelligible4 yr..- Grammatically complete 

compound and complex 

sentences
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28

Brand New
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Raschle et al., PNAS Feb. 7, 2012

29

Kindergarten

Understands and 

uses 2000+ words

Speech is 80% correct

MLU = 4.3 words - full complete 

sentences used with good, but 

not perfect, grammatical form

Follows 2-3 step command

Indicators of 

potential reading 

difficulty are 

reductions in:

phonological awareness

verbal memory - sentence 

repetition and story recall

expressive vocabulary

rapid serial naming

receptive sentence

comprehensionNames all upper & lower case letters
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Plots of grey-matter density are based on data by Gogtay et al. 2004 and illustrate 

the local grey-matter density in the mid-dorsolateral prefrontal cortex in red, in the 

angular gyrus of the parietal cortex in blue, in the posterior superior temporal 

sulcus of the temporal cortex in purple, and in the occipital pole in green.

Second Language Learning

• Affects the way the brain is organized for 

language

• Differs depending upon when the second 

language is learned

• After the critical period requires the same 

developmental criteria as the first language
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ELL

• Need to build the ability to perceive 

internal detail to words

• Phonics instruction is a much less 

transparent in English than many other 

languages

– Much easier to learn to read Spanish than 

English (DeHaene, 2009)

Learning a Second Language During Critical Period

Birth to 5 Years
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Learning a Second Language After Critical Period

After Birth to 5 Years

Language Exposure and SES

(Hart and Risley, 1995)

Cumulative Effects of 

Language Experience

(Loban, 1967; Hirsch, 1996)

Effects of Low Language 

Development on Reading
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So what 
about 

reading?

Viking Press Viking Press Viking Press Viking Press 

December 2009December 2009December 2009December 2009

“The Reading Paradox” Dehaene, 
2009

• Human brains evolved over millions of years 

without writing – reading is 5000 years old

– No special brain regions evolved for reading

• Humans read because we can link visual 

elements to speech sounds and meanings.

– recycles existing brain circuitry

– results in a large-scale ‘neuronal workspace’ that 

• assembles, 

• confronts, 

• recombines, and

• synthesizes knowledge

38
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39

Turkeltaub et al  Nature 

Neuroscience 2003

40

a | Training for arithmetic 

problems leads to 

decreasing engagement of 

the inferior parietal cortex 

(shown in yellow) and 

increasing recruitment of 

the angular gyrus (shown 

in blue).

b | a moving time window 

of 200 scans and reveals 

that there are significant 

changes in activity of the 

angular gyrus (shown in 

green) after only 

approximately 8 repetitions 

of a problem  



21

Science 330, 1359 (2010);

Stanislas Dehaene, et al.

How Learning to Read Changes the Cortical 

Networks for Vision and Language

“The Reading Paradox”
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Literacy Enhances Brain Responses 
in Three Ways (DeHaene, 2010)

• Boosts organization of the visual cortex

• Allows practically the entire left hemisphere 

spoken language network to be activated by 

written sentences

• Refines spoken language processing by 

enhancing the phonological region

Written Expression

• Handwriting

• Spelling

• Written formulation

44
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The logic of alphabetic systems

Writing requires the “letter box”

46
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It also requires visuo-spatial 
organization

47

Sensory-Motor Brain Pillar
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And it requires working memory 
and fine motor control 

• Praxis (fine 

motor skills)

49

Spelling

• English is a non-transparent language

– There are many alternate spellings for the 

same sounds

• George Bernard Shaw said we could spell “fish” 

as phoeti

– - ‘f’ sound as ph as in “phone”

– ‘I’ sound as oe as in “Phoebe”

– ‘sh’ sound as ti in “Nation”

50
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Spelling

• Often makes no sense

• Requires good phonic skills to start

• Requires learning many spelling rules

• And it also requires excellent visual 

working memory

– How many of you check spelling by looking 

at your word written out

52
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Understanding the brain science 
of students who struggle to read

Martha S. Burns, Ph.D.

March, 2012

What we know about struggling 
learners

• The vast majority of struggling learners 

are experiencing problems with reading 

and/or executive functions
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Three to four years

1. 91% can recognize incorrect productions of words they know

2. 27% can be enticed to do sound play; 25% can rhyme

3. Poor speech discrimination will lead to poor phonological 

awareness

4. Syntax delay predicts

poor reading at

7-9 years of age

Vocabulary - 900-

1500 words
Speech should be 

intelligible4 yr..- Grammatically complete 

compound and complex 

sentences

Normal A1 development

Zhang, Bao & Merzenich, Nature Neurosci 2001

Zhang, Bao & Merzenich, Nature Neuroscience, 2001
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Four ways to degrade sensory cortex 
(aural language and somatosensory cortex) 

development

• structured noise Zhang et al (2004) PNAS

• continuous, unmodulated noise 
Chang et al (2003) Nature Neurosci; Chang et al (2005) PNAS

• perinatal anoxia Strata et al (2005) PNAS

• non-coplanar PCBs (PBDEs?) Kenet et 

al (2006) submitted, Nature Medicine

A1 does not mature in infants raised 
in continuous noise

• In continuous noise reared rats, the 

critical period remains open indefinitely
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Chang et al. (2003) ms submitted for publication

A1 does NOT

mature in 

rats raised in

CONTINUOUS

noise.

A1 processing is

“specialized”

as the infant rat

is exposed to 

specific sound

stimuli

Zhang, Bao & Merzenich, Nature Neuroscience, 2001

A learning

context is

NOTNOTNOTNOTNOTNOTNOTNOT required
--- as it is after

the end of 

the critical 

period.
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Perinatally 

generated 

representational

distortions in 

A1 tonotopy and

input selectivity

persist into

adulthood.  

Zhang, Bao & Merzenich, Nature Neuroscience, 2001

PCB poisoning radically alters cortical map development

Normal PCB exposed animals

Exactly the same bizarre typography seen in autism

PCB exposure in pregnant mothers .87 correlation with 

% of autism – some regions of Texas – Merzenich, 2006



32

APD – Language and Reading

• Students need to distinguish speech sounds 

correctly so they can learn the rules of 

language and associate sounds with letters

• Speech sounds can differ by as little as 10 

milliseconds

• Computers can emphasize the differences in 

sounds to make them easier to distinguish

Processing Speech
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Auditory processing disorders in 
children with ASD (Russo, et al, 2009 )

• Journal of Autism and Developmental Disorders Volume 39, Number 8, 
1185-1196, 2009

• Provides new evidence of deficient auditory cortical processing of 
speech in noise in autism spectrum disorders (ASD). 
– Speech-evoked responses (~100–300 ms) in quiet and background noise were 

evaluated in typically-developing (TD) children and children with ASD. 

– ASD responses showed delayed timing (both conditions) and reduced amplitudes 
(quiet) compared to TD responses. 

– As expected, TD responses in noise were delayed and reduced compared to 
quiet responses. However, minimal quiet-to-noise response differences were 
found in children with ASD, presumably because quiet responses were already 
severely degraded. 

– Moreover, ASD quiet responses resembled TD noise responses, implying that 
children with ASD process speech in quiet only as well as TD children do in 
background noise.

Neuron 72, 1080-1090. December 2011
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Kindergarten

Understands and 

uses 2000+ words

Speech is 80% correct

MLU = 4.3 words - full complete 

sentences used with good, but 

not perfect, grammatical form

Follows 2-3 step command

Indicators of 

potential reading 

difficulty are 

reductions in:

phonological awareness

verbal memory - sentence 

repetition and story recall

expressive vocabulary

rapid serial naming

receptive sentence

comprehensionNames all upper & lower case letters
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Dyslexia
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Reading: Mastering an Invented System
Many Cognitive Skills Needed

Text 

Comprehension

Text

CAT

Decoding

Visual 

processing

Phonological 

processing

Short term 

memory

Processing 

rate

Word 

identification

Word 

memory

Adapted from Morris, R.D., Stuebing, K.K., Fletcher, J.M., Shaywitz, S.E., Lyon, G.R., 

Shankweiler, D.P., Katz, L., Francis, D.J., Shaywitz, B.A. (1998). Subtypes of reading 

disability: variability around a phonological core. Journal of Educational Psychology, 90 

(3): 347-373.

Subtypes of Poor 

Readers

Phon+Memory+Rate

Global Lang

Phonology-memory-
spatial

Global deficit

Phonology+rate

Phon+memory+vocab

rate
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Typically reading children         Children with dyslexia Children with dyslexia

before remediation after remediation

Gabrieli, 2009
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Factors in Reading Disorders 
(Lehongre, et al., Neuron,  Dec. 2011)

• Left auditory cortex of dyslexic people may be 
less responsive to modulations at very specific 
frequencies that are optimal for phonemic 
analysis (30 Hz), while responding normally or 
even supranormally to higher frequencies

• detriment of verbal short-term memory abilities 
(Ahissar, 2007)

• Different patterns of cortical reorganization 
based either on the left or on the right 
hemisphere may lead to different cognitive 
profiles in dyslexia.
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What Dyslexia is not

• Learning Disabilities, Dyslexia, and 
Vision Pediatrics 2009;124;837-844; 
originally published online Jul 27, 2009; 
– Orthoptists; Pediatric Ophthalmology and Strabismus and American Association of 

Certifiedwith Disabilities, American Academy of Ophthalmology, American Association 
forAmerican Academy of Pediatrics, Section on Ophthalmology, Council on Children

• Scientific evidence does not support the efficacy of eye exercises, 
behavioral vision therapy, or special tinted filters or lenses for improving 
the long-term educational performance in these complex pediatric 
neurocognitive conditions

• Diagnostic and treatment approaches that lack scientific evidence of 
efficacy, including eye exercises, behavioral vision therapy, or special 
tinted filters or lenses, are not endorsed and should not be 
recommended.

82

Brand New
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Raschle et al., PNAS Feb. 7, 2012

83

Executive Functions
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Dorsolateral Pre-frontal lobe

Smith E &Jonides J, Science (2009)

Task Switching

• Card sorting

• Go/no-go (Simon says)
– Can increase complexity to increase task switching

• http://www.nytimes.com/interactive/2010

/06/07/technology/20100607-task-

switching-demo.html
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Card sorting

�Red plus �Green tree

Activation Regulating Functions

• Damage to left or right medial frontal 

regions results in poor capacity to 

generate or maintain actions or mental 

processes

• Fluency tasks

• STROOP Test – problems maintaining  

a selected target 

– Sensitive to DLPFC and VMPFC lesions
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Other Assessments used in research 
that can be applied for clinical use 

• Dots incongruent vs. dots congruent

• Object or picture sorting where the 

sorting rule is switched

Dots mixed task

In the congruent condition, the correct response is to press the dot on the same 

side as the stimulus. In the incongruent condition, the response and stimulus 

are on opposite sides. In the mixed condition, equal numbers of congruent and 

incongruent trials are randomly intermixed.
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Inhibition/distractibility

– Holding information in mind while inhibiting a 
prepotent response
• Day-night 

• Tapping ( When I tap once you tap twice)

• Appearance-reality (clouds)

– http://www.nytimes.com/interactive/2010/06/
07/technology/20100607-distraction-
filtering-demo.html?th&emc=th

How has technology changed?

• Neuroscience derived exercises can 

build specific cognitive skills

– Through game-like activities that 

upregulate neuromodulators of brain 

plasticity

– Through targeted cognitive brain building 

exercises

• Attention

• Memory

• Processing
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Earliest  Technology

My How We Have CHANGED!

D H Clements, J Sarama Science 2011;333:968-970

Published by AAAS
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Brain Fitness: Processing 
Challenge

Brain Fitness: Processing 
Challenge
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Brain Fitness

Memory
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Proceedings of the National Academy of Sciences

May, 2008
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Attention

Neural mechanisms of selective 
auditory attention are enhanced

by computerized training: 
Electrophysiological evidence from

language-impaired and typically 
developing children

• Courtney Stevens,, Jessica Fanning, 

Donna Coch,, Lisa Sandersa,, Helen 

Neville B R A I N R E S E A R C H 1 2 0 5 ( 2 0 0 8 ) 5 
5 – 6 9
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ERP attention effect for the FFW-LI, FFW-TD, and NoTx control 

groups, separately for pre- and post-testing
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Processing

• Students need to distinguish speech 

sounds correctly so they can learn 

the rules of language and associate 

sounds with letters

• Speech sounds can differ by as little 

as 10 milliseconds

• Computers can emphasize the 

differences in sounds to make them 

easier to distinguish

Processing Speech
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. . .Big Changes in Meaning 

100

milliseconds

Small Changes in Timing

Children with language impairment

can’t sequence 2 tones at rapid presentation rates
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Letter-Sound Connections

� Seeing letter activates letter 

area

� Hearing phoneme activates 

phoneme area

� Letter+Sound together

� Matching-> Up Activity

� Mismatching-> Down 

Activity

Brain Fitness



56

Brain-based learning interventions 
and best practice strategies

Martha S. Burns, Ph.D.

March, 2012

Brain Fitness
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Neuroscience Based Principles of 
Brain Training

• Attention

• Memory

• Reinforcement and Novelty

• Intensity and Frequency

• Cross Training
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Beyond early infancy, plasticity is 
modulated as a function of: 

See Kilgard & Merzenich, Science (1998)

Kilgard & Merzenich, Nature Neuroscience (1999)

Bao,  Merzenich, et al, Nature (2001)

1. brightness1. brightness

2. attention2. attention

3. judgment of error3. judgment of error

4. punishment4. punishment

5. Reward5. Reward

6. et alia6. et alia

Different dimensions of adult cortical plasticity are enabled by the 

behaviorally-context-dependent release of:

• acetylcholine (focused attention/reward)  
(Kilgard, Bao)

• dopamine (reward, novelty) (Bao)

• norepinephrine (novelty) (Bollinger)

• serotonin  (Bollinger)

• Adenosine 5’-triphospate (ATP) released by 
axons and stimulates myelination (Ishibashi)

• et alia

In infants, exposure-based plasticity is relatively uniform.

In older children, learning-induced changes are complexly “nuanced” 

by  differences in behavioral context  that result in the differential 

release of 6 or 7 modulatory neurotransmitters.
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Attention

• little or no enduring changes are driven 

in the cerebral cortex if stimuli are 

delivered when an individual is not 

responding or attending

• underlying the human ability to focus 

and maintain attention to a task is the 

neurotransmitter acetylcholine which 

can be enhanced by the nature of  tasks 

used (Kilgard and Merzenich, 1998)

Memory

• changes in the cortex fade when a well-

learned behavior does not have to be 

held in memory, 

– most likely because the cognitive relevance 

assigned to the task decreases; 

• practice alone, without requirements for 

retention do not drive brain changes.
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Reinforcement and Novelty 

• behavioral scientists had understood the 
power of timely reinforcement in learning 
since research on classical conditioning 
the 1950’s; 

• more recently neuroscientists began to 
understand why--specific reinforcement 
schedules and intermittent novelty drive 
neurotransmitters like dopamine and 
norepinephrine which are critical to 
creating permanent new neurological 
connections (Bao, et al., 2001)

Intensity and Frequency

• it takes thousands of repetitions of new 

stimuli to effect neurological changes; 

clinicians often refer to this as the 

“practice effect.”
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Adaptability

• the brain builds skill upon skill

– by carefully grading stimuli to tasks that 

increasingly stress the brain to process 

faster or more efficiently, exercises can 

adapt to each individual’s unique gains in 

skill

Reading: Mastering an Invented System
Many Cognitive Skills Needed

Text 

Comprehension

Text

CAT

Decoding

Visual 

processing

Phonological 

processing

Short term 

memory

Processing 

rate

Word 

identification

Word 

memory
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Cross Training

• The brain processes in networks of 

distributed neuronal clusters that 

develop simultaneously (Mesulam, 

2000)

• Effective rehabilitation of language (a 

complex cognitive skill) would benefit 

from cross training all components of the 

language network.

Training Phoneme Examples

da ga

ba

A) Early Emphasized and Stretched B) Late Natural Speech

da ga

ba

Examples
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Acoustically Modified Speech
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Changes in Brain Structure in 
Maturing Young People

Childhood to Adolescence

(Sowell et al, NeuroImage, 1999)

Adolescence to Adulthood

(Sowell et al, Nature Neuroscience, 1999)

MATHEMATICS SKILLS - Identifying the aSLF.

Tsang J M et al. PNAS 2009;106:22546-22551

©2009 by National Academy of Sciences

These pathways 

connect the 

inferior parietal 

lobe/IPS with 

precentral and 

inferior frontal 

regions. Tsang et 

al.,  used 

diffusion-

weighted data to 

estimate this 

white matter 

tract. Theyecall

this tract the 

anterior superior 

longitudinal 

fasciculus 

(aSLF). 

Specific 

pathways in 

the left 

hemisphere 

communicate 

signals 

between 

regions that 

are active 

during mental 

arithmetic 

tasks.
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